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Lysosomal storage disorders are rare, inborn 
errors of metabolism characterized by intralysoso- 
mal accumulation of unmetabolized compounds.The 
brain is commonly a central focus of the disease 
process and children and animals affected by these 
disorders often exhibit progressively severe neuro- 
logical abnormalities. Although most storage dis- 
eases result from loss of activity of a single enzyme 
responsible for a single catabolic step in a single 
organelle, the lysosome, the overall features of the 
resulting disease belies this simple beginning. 
These are enormously complex disorders with meta- 
bolic and functional consequences that go far 
beyond the lysosome and impact both soma-den- 
dritic and axonal domains of neurons in highly neu- 
ron type-specific ways. Cellular pathological 
changes include growth of ectopic dendrites and 
new synaptic connections and formation of enlarge- 
ments in axons far distant from the lysosomal 
defect. Other storage diseases exhibit neuron death, 
also occurring in a cell-selective manner. The func- 
tional links between known molecular genetic and 
enzyme defects and changes in neuronal integrity 
remain largely unknown. Future studies on the biol- 
ogy of lysosomal storage diseases affecting the 
brain can be anticipated to provide insights not only 
into these pathogenic mechanisms, but also into the 
role of lysosomes and related organelles in normal 
neuron function. 
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Introduction 

This year marks a quarter century since the appear r 
ance of the landmark' publication "Lysosomes and 
Storage biseases"."(24) in which Hers and Van Hoof and 
their colleagues presented in full detail their ; treatise on 
the then relatively new field of lysosomal disorders. A 
mere eight years before Hers had proposed, based on his 
studies of glycogenosis (23), that so-called "storage dis- 
eases" were actually caused by deficient activity of lyso- 
somal enzymes (46). According to this view, absence of 
hydrolytic activity of an individual lysosomal enzyme 
would result in a catabolic defect and lead to accumula- 
tion of a specific metabolic product normally cleaved by 
that enzyme. At the time most of the known storage dis- 
eases were recognized both by their clinical characteris- 
tics and by accumulation (hence the term "storage") of 
a major type of substrate (gangliosides, mucopolysac- 
charides, etc.). During the period following Hers' pro- 
posal the study of storage diseases expanded rapidly and 
a great number of these diseases were confirmed as 
being "lysosomal" in origin. These included a variety of 
enigmatic disorders that had been identified earlier in 
the century (or before), like Tay-Sachs, Hurler, 
Niemann-Pick, Krabbe and Gaucher diseases, as well as 
newer disorders like fucosidosis and mannosidosis. 
Clearly what had emerged was an explanation for an 
entire family of disorders believed linked by genetic 
defects involving individual enzymes in a single 
organelle, the lysosome. The resulting metabolic block- 
ade and lysosomal storage appeared to be key events 
responsible for cellular dysfunction and the clinical dis- 
ease exhibited by the individual. Thus, from gene defect 
to enzyme deficiency, to intracellular storage and func- 
tional compromise of cells, these diseases fulfilled 
Garrod's classic concept of inborn errors of metabolism 
(15) as well as any known genetic diseases. There was 
even optimism for the possible successful treatment of 
these diseases based on delivery of the missing enzyme 
to the lysosomal system (10). 

Successful delineation of individual storage diseases 
according to enzyme deficiency and substrate storage 
has been followed in more recent years by important 
advances in understanding the molecular genetics of 
these disorders (42, 63). This explosion of information 




s Figure 1. Two of the most conspicuous and well documented 
examples of morphological alterations that neurons undergo in 
storage diseases are ectopic dentinogenesis and axonal 
spheroid formation, yet the link between the primary lysosomal 
event and these cellular changes is little understood. The illus- 
tration above shows two cortical neurons from feline GM2 gan- 
gliosidosis. The pyramidal neuron on the left exhibits ectopic 
dendritogenesis at the axon hillock as it would be seen in a 
Golgi impregnation (91). The nonpyramidal GABAergic neuron 
on the right exhibits axonal spheroid formation as would be 
seen following an intracellular peroxidase injection (33). 
Immunocytochemicai studies have documented the massive 
abundance of these spheroids within axons of GABAergic neu- 
rons (81). Ectopic dendritogenesis does not occur on 
GABAergic neurons, and axonal spheroids are at best only very 
rarely seen affecting cortical pyramidal neurons in storage dis- 
eases. The conundrum is how does a single lysosomal hydro- 
lase deficiency cause two such diverse events involving both 
dendrites and axons? 

about specific gene defects generated a more complex 
picture of the overall nature of this family of disorders, 
compared to the original, simpler view of a single 
enzyme deficiency being responsible for an individual 
storage disease. That is, most lysosomal enzyme defects 
have been found to be caused by multiple gene muta- 
tions. For example, over 50 mutations are now identified 
as affecting the a-subunit of the P-hexosaminidase 
enzyme, deficiency of which is linked to Tay-Sachs dis- 
ease and its variants (20). Advances in molecular genet- 
ics of storage diseases have also tended to overshadow 
analysis of events at the other end of the disease spec- 
trum, namely those unanswered questions concerning 



the important issue of disease process. Specific genetic 
mutations may be well characterized as causing defec- 
tive function of individual lysosomal enzymes, but how 
the resulting metabolic changes then generate the com- 
plex events occurring in cells and tissues, particularly 
brain, remains poorly understood. Neurons are also 
known to exhibit diverse and often bizarre alterations in 
morphology secondary to the storage disease process, 
and may do so in a highly neuron-type specific fashion. 
For example, some types of neurons in widely diverse 
kinds of storage diseases exhibit what clearly is one of 
the most unusual and unprecedented changes of any 
neurological disease, the growth of new, primary den- 
drites (Figure 1A). Likewise, other neurons, again in a 
cell-selective manner, undergo changes in axons, focal 
swellings or spheroids, at sites far removed from that of 
the primary lysosomal derangement (Figure IB). There 
is every reason to believe that these changes in neuronal 
morphology have profound consequences for neuron 
and brain function yet we know little about the link 
between the lysosomal derangement and the generation 
of these neuron-specific alterations. In other storage dis- 
orders, particularly the Batten family of storage dis- 
eases, it is the death of neurons rather than changes in 
neuronal morphology per se that appears to cause brain 
dysfunction. This loss of neurons is again a highly cell 
type specific phenomenon, even though intraneuronal 
storage is universal, and the reason why particular neu- 
rons die is unknown. The purpose of this review is to 
explore and reexamine some of these unresolved issues 
involving the pathogenesis of lysosomal diseases, issues 
of disease process residing at the level of individual 
organelles and cells, particularly the neuron. It is, after 
all, the neuron, largely due to its longevity, that provides 
perhaps the widest array of questions and greatest 
importance in these disease states. Overall descriptions 
of the cellular pathology of individual lysosomal storage 
diseases can be found in excellent recent reviews (e.g., 
see 35). 

The Lysosome and Storage 

In his chapter on lysosomes in the above-mentioned 
text by Hers and Van Hoof (24), Novikoff summarized 
the then current view of the lysosomal system in normal 
cells (46). His figure illustrating the lysosomal system 
(reproduced here as Figure 2) reveals the primary lyso- 
some, filled with a complement of lysosomal hydro- 
lases, as fusing with a variety of other vesicular 
organelles, including autophagic and digestive vacuoles 
and multivesicular bodies. These primary lysosomes 
were believed to have shuttled from the Golgi apparatus 
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to endocytic vacuoles where fusion occurred, thus form- 
ing secondary lysosomes. Residual bodies, viewed as 
vacuoles containing undigested materials, membrane 
fragments, myelin figures, etc., were found in normal 
cells to a degree, but also were recognized as the hall- 
mark of the so-called lysosomal storage diseases. Terry 
and colleagues carried out the first electron microscopic 
analysis of storage bodies inTay-Sachs disease in 1963 
and showed the presence of conspicuous multilamellat- 
ed organelles which they referred to as membranous 
cytoplasmic bodies or meb's (70). Similarly, and in the 
same year, Batten disease neurons were distinguished 
from those in Tay-Sachs as they contained a radically 
different, amorphous and "fingerprint" material (98). 
This discovery finally set Batten disease apart from Tay- 
Sachs disease and led to the coining of the term "neu- 
ronal ceroid lipofuscinosis" to define the former. Within 
a short time, characteristic storage bodies or "cyto- 
somes" were identified for a host of different types of 
storage diseases. Indeed, it appeared that major classes 
of storage diseases could be distinguished by the ultra- 
structural appearance of their storage material: 
Glycosphingolipidoses presenting with membranous 
swirls (meb's), mucopolysaccharidoses with multil- 
amellar stacks ("zebra bodies"), fucosidosis and man- 
nosidosis with watery or wispy material ("open" inclu- 
sions), and so forth (67). The explanation for the char- 
acteristic appearances of storage bodies was that cell 
material entered the lysosome in normal fashion but 
once there the lack of a specific degradative enzyme led 
to a buildup of individual metabolic products. 
Accumulation of this material past a certain critical 
point was believed to lead to physicochemical interac- 
tions with other materials within the lysosome (e.g., 
cholesterol) and to formation of the characteristic mor- 
phological appearance of the residual or storage body 
for a given disease. Numerous studies even in the early 
1960's showed that residual bodies in storage diseases 
like Tay-Sachs and other neurolipidoscs contained acid 
phosphatase activity suggesting a lysosomal status. 
Arguments that the storage bodies sometimes lacked 
histochemical evidence of lysosomal enzymes, or even 
lysosomal-like delimiting membranes, and thus might 
not be lysosomal, were eventually interpreted as simply 
late disease-associated alterations in the lysosome, 
rather than arguments against the lysosomal disease 
concept. 

Remarkable advances have occurred in our under- 
standing of the lysosome since Novikoff s early summa- 
ry (29). We now recognize over 40 different enzymes 
within lysosomes, including glycosidases, lipases, phos- 



pholipases, phosphatases, sulfatases, and proteases, and 
genetic deficiencies and related storage diseases have 
been identified for most of these (42, 63). We now 
understand that lysosomal storage in storage diseases 
may occur secondary to one of several mechanisms: 
That is, a particular lysosomal enzyme may be absent as 
a result of a lack of production of mRNA or to unstable 
mRNA for the enzyme. The mRNA that is present may 
produce an enzyme of abnormal structure that is less 
effective in cleaving the appropriate substrate(s). 
Alternatively, the functional enzyme deficiency may be 
due to processing or trafficking errors. In these cases, 
lysosomal enzymes generated in the endoplasmic retic- 
ulum or Golgi apparatus may fail to undergo normal 
post-translational modification leading again to either 
absent or diminished activity. There may also be abnor- 
mal recognition signals leading to errors in trafficking 
and to misrouting or inappropriate secretion. These lat- 
ter two groups of processing abnormalities can involve a 
host of enzymes simultaneously, as is documented in 
multiple sulfatase deficiency and in I-cell disease. Some 
lysosomal enzymes are known to require co-factors or 
protective proteins and their absence has also been 
linked to defects in lysosomal enzyme function. 
Lysosomal membrane receptors may themselves be 
abnormal leading to abnormalities in substrate entry or 
exit, as is the case in sialic acid storage disease, also 
known as Salla disease. Finally, several types of storage 
diseases, most notably Niemann-Pick disease type C 
and selected forms of Batten disease, stand apart from 
these well-defined primary lysosomal defects. Current 
understanding suggests that they result from essentially 
nonlysosomal events involving trafficking of other types 
of molecules which secondarily impact the lysosomal 
system (48, 51). 

The relationship between genotype and phenotype at 
the level of disease process remains poorly defined for 
most storage disorders. It is known that the specific 
genetic event precipitating the enzyme deficiency can 
have profound consequences for disease progression 
and clinical presentation. These include both the degree 
of storage and the brain regions most severely affected. 
Generally speaking, the relative activity of an affected 
lysosomal enzyme in a given storage disease appears to 
correlate with the age of onset and severity of disease 
(9), with most storage diseases appearing as infantile, 
hue infantile, juvenile, or adult-onset variants (63). The 
existence of compound heterozygotes in which patients 
possess two dissimilar mutant alleles has been docu- 
mented to lead to highly unusual disease variants as 
seen, for example, with GM2 gangliosidosis (20). 
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Figure 2. An illustration from Novikoff (46) showing the rela- 
tionship between lysosomes and other organelles at the time of 
the development of the lysosomal storage disease concept 
(1 Q L, primary lysosome; AV, autophagic vacuoles; C, 
crinophagy; DB, dense body; DV, digestive vacuole; ER, endo- 
plasmic reticulum; GE, Golgi; MA, microautophagy; MP, 
microperoxisome; MVB, multivesicular body; P, peroxisome; Ph, 
phagocytic vacuole; Pi, pinocytic vacuole; RB, residual body; 
SG, secretory granule.) (From 46, with permission) 

Storage disease-related effects also have been identified 
in phenotypicaiiy normal heterozygotes, as has been 
reported in a feline model of Nierriann-Pick disease type 
C (7). In this case, occasional cortical neurons exhibited 
ganglioside storage in a manner very similar to diseased 
cells in homozygous affected individuals. Non-CNS 
abnormalities were also detected. 

The Endosomal'Lysosomal System, Materials are 
known to be delivered to lysosomes by multiple path- 
ways, including those associated with endocytosis, 
autophagy, and phagocytosis. One of the best studied of 
these pathways relative to the lysosome is the endo- 
some. Indeed, an important advance in the modern 
understanding of the lysosome as an organelle relates to 
its important functional association with endosomes and 
the concept of the endosomal-lysosomal system (1, 34, 
43). This association is based in part on the finding that 
lysosomal enzymes are localized to endosomal com- 



partments, most notably late endosomes, and that the pH 
of these organelles is acidified (pH 5-6), though not as 
much so as lysosomes themselves (pH 4-5). There are 
currently two dominant hypotheses that attempt to 
explain the relationship between endosomes and lyso- 
somes. The "maturation" model evolved from earlier 
views of the lysosomal system as summarized in 
Novikoff s diagram (Figure 2). That is, secondary lyso- 
somes (shown in the figure as digestive vacuoles) are 
formed following fusion of primary lysosomes contain- 
ing newly synthesized lysosomal enzymes from the 
Golgi apparatus, and endosomes (referred to as phago- 
cytic or pinocytic vacuoles in this same diagram). Thus, 
according to this view, the early endosome gradually 
matures into a late endosome and, following fusion with 
primary lysosomes, its functional status is gradually 
converted to that of a lysosome. A second hypothesis, 
the so-called "stable compartment" model, argues that 
early and late endosomes are separate stable populations 
of organelles. Significant differences in pH, in the pres- 
ence of specific rab proteins, and in mannose-6-phos- 
phate receptors and lysosomal hydrolases are supportive 
of the latter model. These models have been widely dis- 
cussed and compared (3, 21 , 40, 49). 

A more complete understanding of the endosomal- 
lysosomal system likely will provide important insights 
into many of the major unanswered questions involving 
pathogenesis of certain types of lysosomal storage dis- 
eases. That is, viewing storage diseases as wholly lyso- 
somal phenomena and the lysosome as a mere end- 
organelle for catabolic processing provides little insight 
into pathogenic mechanisms. If catabolic enzyme 
defects lead simply to lysosomal storage and no "extra- 
lysosomal" consequences, one must almost necessarily 
predict an outcome of simple cell death secondary to 
cell swelling to account for the neurological dysfunction 
that characterizes these diseases. Indeed, simple "cyto- 
toxicity" following mechanical disruption of cells has 
historically, and often, been invoked as a sort of short- 
hand explanation for cell dysfunction in lysosomal dis- 
eases. But the cell-selective consequences of the storage 
disease process mentioned earlier (and as described in 
detail below) argue strongly that significant extra-lyso- 
somal events are set in motion by deficiencies of single 
lysosomal enzymes. How might these occur? At least 
four possible mechanisms that reach beyond the mere 
mechanical disruption hypothesis can be cited: (i) 
Material not catabolized within the lysosome may 
escape this organelle and in turn have deleterious effects 
elsewhere in the cell. These effects could be directly 
toxic or they could impact other metabolic pathways and 
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alter cell function, (ii) The massive accumulation of 
unprocessed compounds within the lysosome (e.g., gan- 
gliosides) may deprive the cell of certain precursor mol- 
ecules, leading to a compensatory upregulation or dys- 
function of other metabolic pathways or organelles (e.g., 
see 62). (iii) Abnormalities of the lysosomal system may 
lead to a reduced entry of materials into lysosomes and 
to subsequent increases of this compound elsewhere in 
the cell, with detrimental consequences, (iv) Defective 
lysosomal enzyme activity may adversely effect the nor- 
mal functioning of other related organelles, most 
notably endosomes. 

Few of the above possibilities have been rigorously 
tested for individual types of storage diseases. Perhaps 
the most intriguing of these is the latter one based on the 
close association between lysosomes and the endosomal 
system, and the potential role of lysosomal enzymes 
within endosomes. If, in storage diseases, both the endo- 
somal and lysosomal compartments are actively 
involved in the "storage" process, disruption of a variety 
of signal transduction and other events could be envis- 
aged that could account for the dramatic changes 
induced in neurons secondary to the enzyme defect. 
Whereas the lysosome is still most often regarded as a 
site of end-stage processing for macromolecules, the 
endosome is viewed as a much more dynamic player in 
cellular events. Endosomes have been documented as 
being central to the internalization and processing of 
cell surface receptors and to playing a role in transmem- 
brane signaling (3). However, not only are many recep- 
tors known to be internalized via endosomes, but gan- 
gliosides and other cell surface constituents destined for 
lysosomal degradation are also believed to follow simi- 
lar trafficking (60). Indeed, some types of membrane 
receptors that cycle by way of endosomes have been 
implicated as having functional relationships with spe- 
cific types of gangliosides. For example, EGF receptors, 
reportedly associated with GM3 ganglioside (5), accu- 
mulate in coated pits after binding EGF and subse- 
quently appear in early and late endosomes, and eventu- 
ally are degraded in lysosomes. However, evidence is 
emerging that the internalization process is not simply a 
mechanism of deactivation of this receptor. Instead, 
there appears to be both continuation and augmentation 
of EGF receptor activity within endosomes, including 
receptor tyrosine phosphorylation which exceeds that 
attained by the plasmalemmal EGF receptor population 
(74). Numerous studies have linked modulation of EGF 
receptor function with GM3 ganglioside, whereby GM3 
appears to act to inhibit the formation of EGF receptor 
dimers after stimulation of cells with EGF (5). Further, 
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Table 1 . Examples of neurons and neuronal storage diseases 
with and without ectopic dendritogenesis. The same types of 
neurons in each disease are vulnerable to dendritic sprouting. 



gangliosides and other glycosphingolipids have shown 
positive or negative modulatory effects not only on EGF 
receptors, but also on receptors for NGF, FGF, PDGF, 
p60c-src and insulin (5, 8, 13, 41, 53, 95). Interestingly, 
ligands for all of these receptors, as well as cholera toxin 
(a ligand for GM1 ganglioside), have been implicated in 
endosomal signal transduction pathways (3). 

Effects on Neurons 

It has long been appreciated that neurons in storage 
diseases not only exhibit somatic swelling secondary to 
the abnormal accumulation of material, but also reveal a 
variety of other somatic, dendritic and axonal changes. 
In the earliest papers by Sachs and colleagues on cases 
of what was then referred to as amaurotic family idiocy 
(now called Tay-Sachs disease), neurons were described 
as being swollen and filled with abnormal material (55, 
56). Particular note was made of enlargements within 
the basilar dendrites of diseased cortical neurons and 
contrast was drawn to spinal motoneurons which exhib- 
ited swelling but no dendritic changes. Thus an appreci- 
ation of the concept of neuron type-specific changes 
came early to the study of neuronal storage diseases. In 
later years so-called axonal swellings were also noted in 
this and other storage diseases, and terms like "axonal 
torpedoes", "torpedo bodies" and "axonal spheroids" 
were variously applied. Use of these often ill-defined 
terms, coupled with basic misunderstandings as to spe- 
cific structures actually involved, led to erroneous 
notions about the cellular pathology of many lysosomal 
storage diseases. 

The difficulty inherent in an analysis of the cellular 
pathology of storage diseases is aptly demonstrated in a 
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Figure 3. PAS stain of a 2 jim thick plastic section of enlarged 
neurons in the cerebral cortex from a cat with GM1 gangliosi- 
dosis. The massive lysosomal system storage can be seen as 
PAS-positive perikarya and meganeurites (long arrow). Smaller 
spherical structures (short arrows) are PAS negative and are 
axonal spheroids. Calibration bar equals 15 p.m. 

simple PAS stain of cerebral cortex in a case of ganglio- 
side storage disease (Figure 3). It is readily evident that 
the neuron at the center of the field is filled with an 
abnormal accumulation of PAS-reactive material and 
that the nucleus is displaced into the base of the apical 
dendrite. Another PAS-positive torpedo-shaped struc- 
ture is nearby which lacks a nucleus. Structures similar 
to the latter were observed by Sachs and Strauss (57) in 
their early studies of Tay-Sachs disease and they are 
now known to represent parasomatic swellings located 
at the axon hillock of neurons, as will be described 
below. Also seen in Figure 3 are two barely visible 
spherical structures that do not contain PAS-reactive 
material, one sitting immediately adjacent to the 
perikaryon, the other in the nearby neuropil. We now 
recognize these structures to be axonal in nature, so- 
called axonal spheroids, and to be distinctly different 
from the other cellular enlargements. 

There was considerable appreciation for the exis- 
tence of unusual swellings on Tay-Sachs disease-affect- 



ed pyramidal neurons in many early studies (most 
notably see Bielschowsky, ref. 4). However, an accurate 
definition of the true nature of these changes had to 
await the application of modern principles of neurobiol- 
ogy coupled with, ironically, a time-honored staining 
method dating to the days when storage diseases were 
first discovered, the Golgi technique (52). Beginning in 
1976, Purpura and colleagues demonstrated unequivo- 
cally that the parasomatic enlargements of Tay-Sachs 
disease were not enlargements of basilar dendrites but 
were of axon hillock origin (see Figure 4). The finding 
was of crucial importance because it indicated that this 
enlargement consisted of "new" dendritic-like mem- 
brane rather than simply being an enlargement of an 
existing (basilar) dendrite. This discovery also clearly 
distinguished dendritic changes from axonal changes 
and argued against the use of ill-defined terms, like tor- 
pedo bodies, to characterize such structural abnor- 
malites. Thus two distinct types of cellular alterations 
emerged as characteristic of many storage diseases, 
namely meganeurites and axonal spheroids. 

Meganeurite formation in storage diseases. 
According to the early studies of Purpura and col- 
leagues, meganeurites were parasomatic enlargements 
within the axon hillock and thus were proximal to the 
initial segment of the axon (52, 85). They appeared to 
occur secondary to storage, i.e. as part of a volume 
expansion by the neuron, since they always contained 
massive numbers of storage cytosomes identical to those 
found in the rest of the perikaryon. They were found 
only on certain types of neurons while other types, just 
as Sachs had reported, appeared to undergo simple 
somatic enlargement secondary to storage. Although 
originally described as being composed of dendritic-like 
membrane in diseases like Tay-Sachs, subsequent stud- 
ies of other storage diseases revealed that there were 
really two classes of meganeurites (75, 76). Some were 
"spiny" and covered with dendritic-like spines, neuritic 
extensions and synapses and therefore appeared to be 
composed of dendritic-like membrane. Others were 
"aspiny" and lacked any evidence of dendritic spines or 
new synapse formation. Detailed studies of animal mod- 
els of ganglioside storage diseases further revealed that 
both spiny and aspiny meganeurites could occur on spe- 
cific populations of neurons, whereas in other diseases, 
like Batten disease (84, 93), only aspiny meganeurites 
were found (Figure 5). The issue was further complicat- 
ed by the presence of some neurons exhibiting growth of 
ectopic dendritic membrane in the form of synapse-cov- 
ered neuritic sprouts in the absence of a meganeurite. An 
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Figure 4. Studies using a histochemical (ferric ion - ferro- 
cyanide staining) technique to identify the axonal initial seg- 
ment have shown that meganeurites occur proximal to this 
region and spheroids distal to this region (85). A. normal neu- 
rons with dark staining at the initial axonal segment; B. layer III 
pyramidal neuron with a meganeurite with initial segment stain- 
ing distal to this structure; C. nonpyramidal-like neuron with an 
axonal spheroid and initial segment staining between the 
perkaryon and the spheroid. D. layer 111 neuron with a mega- 
neurite as visualized with a Golgi stain. (A-C, 2 ^m plastic sec- 
tions counterstained with safranin red. D f Golgi stain). 
Calibration bar equals 18 \xm. 

example of this type of neuron is shown in Figure 1A. 
Such ectopic neurite-bearing neurons, however, were 
commonly associated with other neurons of the same 
type that demonstrated the presence of spiny meganeu- 
rites. Thus what emerged was the view that specific 
types of neurons in certain storage diseases appeared 
capable of undergoing elaboration of new dendritic 
membrane at the axon hillock, with this new membrane 
occurring cither as neuritic sprouts or as spiny mega- 
neurites (or both). Other storage disorders, like Batten 
disease, had pyramidal and other neurons with aspiny 
meganeurites only. In these cases, the meganeurite was 
viewed exclusively as a volume-accommodation event 




Figure 5. Comparison of pyramidal neurons with a "spin/* 
meganeurite as seen in feline GM1 gangliosidosis (A) and an 
"aspiny" meganeurite as seen in canine Batten disease (B).The 
former represents new, synapse-covered dendritic-like mem- 
brane, whereas the latter is simply a volume increase in the cell, 
as described in the text. Golgi stains. Calibration bar equals 15 
ixm. 

since there was no evidence of new dendritic membrane 
or new synapses being present. As shown in Figures 6-7 
and summarized in Table 1, a variety of types of neurons 
and storage diseases have been shown to exhibit ectopic 
dendritogenesis, whereas other cell types and diseases 
lack this change. An important finding in these studies 
was that the same types of neurons in all diseases char- 
acterized by ectopic dendritogenesis consistently 
demonstrated the capacity to undergo new dendrite 
growth. That is, only a few select types of neurons 
appeared capable of undergoing this process, and these 
were always the same, even in metabolically diverse 
storage disorders (75, 76, 78). 

Ectopic dendritogenesis and neuronal storage. The 
discovery that pyramidal neurons in Tay-Sachs disease 
undergo regrowth of new dendritic membrane in the 
form of spiny meganeurites and secondary neuritic 
processes led Purpura and Suzuki to propose two key 
hypotheses: Firstly, they argued that these structures and 
their related aberrant synaptic inputs occurring proximal 
to the axonal initial segment could be responsible for 
some aspects of brain dysfunction in these diseases. 
Secondly, they proposed that gangliosides (the primary 
storage material in this disease) might in some way be 
linked to the regrowth of new dendritic membrane. It 
was subsequently discovered that ectopic dendritogene- 
sis occurred in both ganglioside and non-ganglioside 
storage diseases and the same types of neurons were 
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Figure 6. Golgi impregnations of neurons in feline GM1 gangliosidosis showing types of cells susceptible to new dendrite growth. 
Spiny meganeurites were observed on multipolar cells of the claustrum (A) and caudate nucleus (B). Ectopic dendritic membrane 
was observed sprouting from the axon hillock region of occasional granule cells of the fascia dentata (cells that normally lack basi- 
lar dendrites) (C). Cells that lacked meganeurites or ectopic dendrites included motoneurons (D, oculomotor nucleus), principle neu- 
rons of thalamic relay nuclei (E, nucleus ventralis basalis) and nonpyramidal neurons of cerebral cortex (F). Golgi stains. Calibration 
bars equal A (also for B) 30 jxm; C, 15 ^m; D, 30 pm\ E, 25 ^m; F t 20 p.m. 



consistently affected (79, 80, 82, 83, 88, 91) (Figures 6- 
7) (Table 1). It could be argued that the presence of 
ectopic dendritogenesis on the same types of neurons 
across diverse types of storage diseases indicates the 
importance of some intrinsic feature unique to these par- 
ticular neurons. The de novo sprouting of new primary 
dendrites is a highly unusual event and has not been 
reported to occur under other circumstances. An obvious 
question therefore was whether the neurons with ectopic 
dendrites had specific characteristics in common. 
Although all such neurons possessed dendritic spines, 
other dendritic spine-possessing neurons (e.g., Purkinje 
cells) did not sprout new dendrites. Likewise, axon pro- 
jection status, ncurotransmitter-type, and other features 
also were not unique to neurons with ectopic dendrites. 
It is true that the three classes of cells most conspicu- 
ously involved with ectopic dendritogenesis, cortical 
pyramidal neurons and multipolar ceils of the amygdala 
and claustrum, are telencephalic-derived neurons of 
similar pyramidal-like morphology, but no other com- 
mon features arc evident in terms of cell type. 

A consideration of the wide spectrum of storage dis- 
eases characterized by ectopic dendritogenesis likewise 
reveals no common metabolic link (Table I). And since 
some types of storage diseases lacked the phenomenon, 



lysosomal compromise itself appeared an unlikely 
explanation. Closer examination of one particular kind 
of storage disease, a-mannosidosis, did, however, pro- 
vide a crucial clue. This disease was found to exhibit 
ectopic dendritogenesis in a very limited fashion with 
only 15-20% of pyramidal cells being affected (although 
all neurons showed storage) (18, 88). In analyzing neu- 
ritc-bearing cortical pyramidal neurons in this disease it 
was readily discovered that these cells consistently con- 
tained membranous storage material (Figure 8). This 
was in clear contrast to adjacent pyramidal neurons 
lacking ectopic dendrites as they contained only typical 
wispy or clear inclusions. This remarkable contrast in 
storage material between neurons was also found to be 
readily apparent in PAS and toluidine blue-stained 2 fim 
plastic sections of cerebral cortex. This finding not only 
illustrated the unique vulnerability of individual neurons 
to the secondary consequences of the primary metabol- 
ic defect, but also suggested that glyco-lipid storage was 
a feature of neurite-bearing pyramidal neurons in ct- 
mannosidosis. Viewing this discovery within the wider 
context of all other types of storage diseases exhibiting 
ectopic dendritogenesis suggested that the common 
metabolic change underlying the sprouting might be 
storage of a particular glycolipid, most likely a ganglio- 
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side. Through a series of studies this fact was indeed 
established, with GM2 ganglioside shown to be the one 
metabolic product consistently elevated in the cerebral 
cortex of all storage diseases characterized by ectopic 
dendritogenesis (64, 87). By immunocytochemistry, 
GM2 ganglioside was further localized to vesicular 
structures in the cytoplasm of ectopic dendrite-bearing 
pyramidal neurons (77) (Figure 9). Whether all such 
vesicular structures are actually tertiary lysosomes is not 
yet established, nor is it yet known why elevations in 
GM2 ganglioside occur in pyramidal neurons in so 
many types of storage diseases (apart from GM2 gan- 
gliosidosis). However, it is known that the elevations in 
GM2 ganglioside precede the appearance of ectopic 
dendritic sprouting (18) and that ectopic dendritogenesis 
is most common in GM2 gangliosidosis (64). These 
findings indicate that the increases in GM2 are likely a 
cause, and not a consequence, of ectopic dendritogene- 
sis (87). 

It has also recently been shown that normal develop- 
ing cortical neurons undergoing dendritogenesis also 
express GM2 ganglioside in a punctate, vesicular pat- 
tern, with the GM2-immunoreactivity disappearing as 
dendritic maturation progresses (19). The identity of 
these vesicular structures remains to be determined, but 
their placement near the Golgi apparatus and in nearby 
cytoplasm is consistent with current views on ganglio- 
side synthesis and trafficking: Gangliosides are synthe- 
sized by a scries of glycosyltransferases located in the 
Golgi apparatus, and after synthesis, they are believed to 
be translocated to the plasmalemma by vesicular mem- 
brane flow (58, 59, 61, 62, 72, 73, 96). Evidence sug- 
gests that some types of gangliosides may undergo 
axonal transport (e.g., see 25), whereas others are trans- 
ported to the soma-dendritic domain. Exocytic transport 
vacuoles budding from the Golgi apparatus are believed 
to move to the plasmalemma where membrane fusion 
results in ganglioside being inserted with their 
hydrophilic head groups on the surface of the neuron. 
Here, current understanding is that gangliosides have 
the potential to move in the plane of the membrane and 
to interact with a variety of membrane receptors and 
other proteins on which they may have modulatory 
effects (22, 26, 36, 62, 95, 97). Endocytosis and subse- 
quent recycling of gangliosides may involve internaliza- 
tion via coated pits, followed by endosomal transport to 
lysosomes (61, 62). 

The simplest explanation for why GM2 ganglioside 
is elevated in storage diseases other than GM2 gan- 
gliosidosis is that it is due to a generalized lysosomal 
derangement that impacts function of its catabolic 




Figure 7. Examples of ectopic dendrite growth on cortical pyra- 
midal neurons in a variety of lysosomal storage disorders in 
feline models. A. GM1 gangliosidosis; B. swainsonine-induced 
a-mannosidosis; C. mucopolysaccharidosis type I; D. Niemann- 
Pick disease type A; E. GM2 gangliosidosis; F. Niemann-Pick 
disease type C. Golgi stains. Calibration bar equals 18 p.m. 
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Figure 8. Studies examining the nature of the storage material 
in cortical neurons in feline a-mannosidosis revealed adjacent 
neurons with radically different types of storage. (A) toiuidine 
blue (TB) stained 2 plastic section showing diversity of 
staining of storage material. Neuron on the far right exhibits TB- 
positive storage, the others are negative. (B) Similarly, PAS 
staining reveals occasional positive cells (on right) whereas 
most cells exhibit storage, but no staining. C and D, electron 
micrographs of neurons in the cerebral cortex showing typical 
clear, open inclusion apparent in most cells (C) as compared to 
those less frequent neurons containing cytosomes with mem- 
branous storage material (D). Calibration bars equal 10 yjm for 
A and B; C, 4 p.m; D, 3 f^m. 

enzyme, p-hexosaminidase. Yet there is no evidence 
suggesting a consistent and specific defect in the activi- 
ty of this enzyme in these disparate storage diseases. 
Similarly, it could be conjectured that changes in gan- 
glioside synthesis have occurred, but this issue has not 
been systematically studied in storage diseases. In nor- 
mal developing neurons there is no reason to assume 
that the GM2-immunoreactive organelles are exclusive- 
ly lysosomcs. Rather, based on current knowledge of 
ganglioside synthesis and trafficking, exocytic vacuoles 
and endosomes arc the likely organelles involved. 
Therefore it is not clear how the expression of an indi- 
vidual ganglioside in such diverse conditions, mature 
neurons undergoing lysosomal storage and normal, 
immature neurons undergoing dendritic differentiation, 
could be linked to regulation of dendritic sprouting. 
Clearly the suggestion is that there may be a common 
location of GM2 ganglioside in both circumstances. In 
normal neurons, as mentioned earlier, current hypothe- 
ses suggest that gangliosides function by modulating 
activity of growth factor or other receptors located in the 
plasmalemma. Both receptors and gangliosides are 
believed to enter the cell via endosomal trafficking prior 
to lysosomal degradation. Thus, the plasmalemmal- 
endosomal interface appears a likely common site 
where GM2 may function to influence receptors, which 




Figure 9. Immunocytochemical studies to localize GM2 gan- 
glioside in storage diseases reveals that it is present in cortical 
pyramidal cells when these neurons exhibit ectopic dendritoge- 
nesis based on Golgi staining (A. a-mannosidosis; C. 
mucopolysaccharidosis type I; D. Niemann-Pick disease type 
C). Disease lacking ectopic dendrite growth on the pyramidal 
cell population also lack evidence of GM2-immunoreactivity in 
these cells although GM2 elevations may be seen in glial cells 
(B. fucosidosis). PAP immunocytochemistry with TB counter- 
stain; Calibration bar equals 20 ^m. 

in turn through interactions with second messengers, 
could lead to dendritic outgrowth. There are also other 
indications that the plasmalemma in ganglioside storage 
disease neurons is not normal (90). Fine gold labelling 
using a Golgi-EM method has revealed numerous mem- 
brane redundancies (Figure 10) resembling "ruffles" 
and other cell surface phenomena believed associated in 
other cell types with macropinocytosis, a form of endo- 
cytosis (69). 

The above findings suggest that during active dendri- 
togenesis GM2 ganglioside may be associated with the 
endosomal system in both storage disease-affected and 
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Figure 10. Combined Golgi-EM analysis of cortical neurons in 
a feline model of ganglioside storage disease reveals the pres- 
ence of membrane "ruffles" on the surface of the neuron. Gold 
particles replace the silver chromate of the Golgi reaction and 
label thin plasmalemmal extensions. Calibration bars equal for 
A, 0.3 ^m; B, 0.4 ^m. 

normal developing neurons. This is of particular impor- 
tance since enclosomes, as discussed earlier, have been 
documented as playing a role in the internalization and 
processing of cell surface receptors as well as in trans- 
membrane signaling. These studies offer the provocative 
suggestion that gangliosides may exercise their modula- 
tory influence over cell signaling specifically at the plas- 
malemmal-endosomal interface. Understanding the pre- 
cise localization of GM2 ganglioside during dendritic 
sprouting in storage diseases is clearly of central impor- 
tance in unraveling its role in this phenomenon. 

Axonal spheroid formation in storage diseases. Just 
as megancuritcs are structural enlargements proximal to 
the initial segment of the axon, axonal spheroids are 
enlargements distal to this region (Figure 4). There is 
also a second critical distinction: Whereas meganeurites 
contain storage material consistent with the specific 
defective lysosomal hydrolase, axonal spheroids contain 
a distinctly different array of materials with ultrastruc- 
tura! features that are the same across many types of 
storage disorders. That is, they consist of tubulovesicu- 
lar profiles, dense bodies, mitochondria, and related 
materials. Most importantly, they do not contain cyto- 
somes equivalent to those observed in the perikaryon or 
meganeurite for a given type of storage disease. 

For many years axonal spheroids were presumed to 
be "nonspecific" phenomena potentially occurring in all 
types of neurons. However, in studies of animal models 
of storage diseases using immunocytochemical methods 
it has been deiermincd that the vast majority of the 




Figure 11. Studies of axonal spheroids in the cerebral cortex of 
feline models of lysosomal diseases reveal that they predomi- 
nate in GABAergic neurons. Immunocytochemical staining for 
GAD, the synthetic enzyme for GABA, identifies spheroids with- 
in axons of this type of neuron (A, B). In routine plastic sections 
without immunostaining spheroids are more difficult to identify 
(C). EM analysis of spheroids (D) reveal a typical ultrastructure 
that is similar across brain regions and types of storage dis- 
eases. Calibration bars equal A, 20 pirn; C (and B) 5 fim; D, 1 .2 
|j.m. 

spheroids can be labeled with antibodies specific for 
GABAergic cell populations, namely GAD (glutamic 
acid decarboxylase) and calcium binding proteins (par- 
valbumin, calretinin, calbindin) (38, 81). Indeed, this 
immunocytochemical approach to identifying spheroids 
has also shown that they are far more abundant in gray 
matter areas, like cerebral cortex, than previously appre- 
ciated (Figure II). Antibodies to specific cytoskeletal 
elements like neurofilaments or microtubule associated 
proteins only rarely label spheroids (Figure 13). This 
finding is consistent with ultrastructural evidence show- 
ing a lack of accumulation of such cytoskeletal elements 
within spheroids. Immunocytochemical and other stud- 
ies, including direct neuronal injection studies (Figure 
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Figure 12. Studies in which GABAergic cells were directly 
injected with horseradish peroxidase show morphology of 
axons and spheroids in detail. A. Axonal field and partial view 
of cell body of a putative GABAergic neuron (based on soma- 
dendritic morphology); B. Spheroid in mainstem dendrite 
appears flatter on proximal side suggestive of retrograde filling; 
C. Smaller spheroids were also visible in the axonal terminal 
fields of this cell. Calibration bars A, 40 p.m; B, 20 \xm; C, 15 
jjim. 

12) (33), have also shown that spheroids occur in axons 
at a variety of sites. A given axon may have numerous 
spheroids. These may occur proximal ly and near the cell 
body (but distal lo the axonal initial segment), at various 
sites along the length of an individual axon, or in the ter- 
minal axonal Held (including within synapses). 

Axonal spheroids in storage diseases do not appear to 
be "retraction bulbs" of dying axons (Figures 12-13). 
Rather, they arc swellings of significant size that occur 
along the length of an axon with axonal continuities 
clearly visible on both proximal and distal sides. These 
structural characteristics of spheroids suggest that they 
may be caused by defects in axoplasmic transport. 
Accumulations of similar heterogeneous organelles 
have been reported to occur distal to crush or low tem- 
perature lesions in axons, indicating that these types of 
materials are characteristic of a block in retrograde 
transport (50, 66, 71). The close similarity of accumu- 
lated material in the lesion studies to that of spheroids in 
storage diseases suggests that the latter may also be sec- 
ondary to a block in retrograde transport. One type of 
neuron must susceptible to spheroid formation, the cere- 



bellar Purkinje cell, also is a cell type that is highly vul- 
nerable to cell death in storage diseases. In this case cell 
death follows spheroid formation and may be secondary 
to it. That is, spheroid formation and a block in retro- 
grade movement of a growth factor or other element 
essential to the survival of this class of neuron might be 
responsible for their selective death. Presently there is 
less evidence in support of a defect in anterograde trans- 
port to explain the formation of spheroids. For example, 
in GABAergic neurons, the anterogradely-transported 
enzyme, glutamic acid decarboxylase (GAD), fills the 
spheroid (hence allowing their identification, see 81), 
but GAD-immunoreactivity in synaptic terminals of 
these cells appears to be normal. 

In attempting to address the question as to why a 
defect in axoplasmic transport might occur in a wide 
variety of primary lysosomal diseases, one logical pos- 
sibility is that the lysosomal system compromise in 
perikarya simply deprives the axon of a key component 
required for the normal movement of organelles or other 
material. This could involve, for example, either defi- 
ciencies of lysosomes or lysosomal hydrolases, the abil- 
ity to acidify lysosomes, or key components of molecu- 
lar motor transport mechanisms. As for lysosomes, their 
possible occurrence in axons has received remarkably 
little direct examination. Retrogradely-carried endo- 
somes, e.g. from synaptic terminals, are generally 
believed to fuse with lysosomes only after endosomes 
have reached the neuronal cell body (for discussion see 
refs. 28, 43). However, some older (and recent) research 
findings do provide substantial support for the presence 
of at least small numbers of lysosomes and lysosomal 
enzymes in axons (6, 16, 17, 30, 47). If lysosomes are 
transported down axons even in small numbers they may 
fuse with retrogradely transported endosomes with 
resulting catabolic processing being initiated well 
before endosomes reach perikarya. Massive involve- 
ment of the lysosomal system may deprive axons of this 
lysosomal input and result in endosomal traffic without 
lysosomal fusion, i.e. enlarged endosomes. Indeed, the 
enlarged tubulo- and multi- vesicular profiles seen in 
spheroids may in fact be enlarged endosomes. 

A second possibility is that lysosomal compromise in 
perikarya might deprive the axon of a key transport mol- 
ecule such as kinesin or dyncin. Indeed, cytoplasmic 
dynein, the retrograde molecular motor, has been shown 
to be associated with perikaryal lysosomes and other 
organelles (37, 44, 49). Finally, another obvious ques- 
tion that deserves consideration: Why are GABAergic 
neurons particularly vulnerable to axonal spheroid for- 
mation? It is widely believed that many types of 
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Figure 13. Purkinje cells in storage disease are particularly prone to axonal spheroid formation. As occurs in other types of neurons, 
spheroids may be seen in proximal (cerebellar cortex, A-C) and distal (cerebellar white matter, D-E) areas of axons. A. Bodian stain; 
B. GAD immunocytochemistry; C. neurofilament 68 immunocytochemistry; D.-E. GAD immunocytochemistry. Note continuation of 
distal axon past spheroid in E. Calibration bars equal for C (and A, B) 35^m; D, 1 10 jxm; E, 30 jxm. 



GABAergic neurons have higher firing rates and meta- 
bolic activity than oilier types of neurons (e.g., see 32). 
This feature may result in a greater turnover in axonal 
and synaptosomal components, and thus greater reliance 
on fully intact anterograde and/or retrograde transport 
mechanisms. 

Spheroids observed in the studies reported above 
generally have not exceeded 20-30 jxm in diameter but 
even this size likely is capable of causing significant 
interference with the efficacy or timing of action poten- 
tial propagation (8 1). Given recent developments in 



understanding the crucial role of inhibition in sculpting 
neuronal activity, such abnormalities would be antici- 
pated to have profound effects on brain function. 
Indeed, one of the most compelling findings to emerge 
from these immunocytochemical studies using animal 
models of GMl and GM2 gangliosidosis, Niemann- 
Pick disease, a-mannosidosis, and mucopolysacchari- 
dosis, is the striking correlation between the location 
and incidence of axonal spheroids and the type and 
severity of clinical neurological disease (38, 81). Of 
these diseases only MPS I lacks both significant neuro- 
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Figure 14. Studies of cerebral cortex in canine NCL show that cortical changes predominate in layer IV. A. Nissl stain for overall eel- 
lularity; B. GFAP stain for astrocytic reactions; C. SMI-32 stain for cortical pyramidal neurons; D. MAP2 stain for dendrites. Overall 
there appears to be increased gliosis and neuron loss in the layer IV area. Cortical depths in the 4 sections are matched. All figures 
shown at 65x magnification. 



logical disease and evidence for significant axonal 
spheroid formation. This is in spite of widespread (near 
universal) neuronal storage and, indeed, even the pres- 
ence of spiny meganeurites and ectopic dendritogene- 
sis/synaptogenesis affecting cortical neurons. For the 
other storage diseases analyzed, the degree of motor 
system deficits and other neurological findings fully 
correlate with the incidence of spheroids within the 
GABAergic cell populations in specific brain regions. It 
is highly likely, based on these studies, that axonal 
spheroids account for the generation of more of the clin- 
ical neurological disease in these animal models than 
any other known abnormality, including intraneuronal 
storage, meganeurite formation and ectopic connectivi- 
ty and neuron death. 

Neuron death. By end stage disease, neuronal cell 
loss is observed in many types of lysosomal storage dis- 
orders. Certain types of neurons, as described for 
Purkinje ceils above, may be vulnerable to cell death 
earlier in some storage diseases. However, massive 
death of neurons and accompanying brain atrophy is not 
a regular feature of the early stages of most types of 
storage diseases, with one significant exception. This is 
the disease family known as neuronal ceroid lipofusci- 
nosis or Batten disease. These diseases have been 
grouped together largely on the basis of similarities in 
the ultrastructural appearance of the storage material 
which appears as so-called "curvilinear" or "finger- 
print" bodies, or variants thereof. Like other storage dis- 
orders, the NCL diseases also occur as infantile, late 
infantile, juvenile and adult-onset forms. An inability to 



identify any specific lysosomal hydrolase deficiencies in 
these diseases, or even to clearly define the storage 
material (other than as ceroid-lipofuscin), led to these 
disorders literally being left behind by advances in 
understanding of most other types of storage disorders 
in the 1970' and 80's. The discovery that a major storage 
product in affected cells in the late infantile, juvenile 
and adult forms of NCL was subunit c of mitochondrial 
ATP synthase led to their re-classification as lysosomal 
proteinoses (48). Recent advances defining the gene 
defects for several of these conditions are also consistent 
with lysosomal protease deficiencies (27, 65). 

The NCL family of diseases is characterized by early 
death of some types of neurons and accompanying atro- 
phy in specific regions of brain. Most conspicuously 
affected is the cerebral cortex, with the degree of atro- 
phy rivaling that of Alzheimer's and other neurodegen- 
erative diseases. A conspicuous difference from these 
adult-onset dementias is, of course, that the atrophy is 
occurring in childhood for most of the Batten-type dis- 
orders. 

A major unanswered question is why neurons die in 
the NCL disorders. Storage is widespread and occurs 
not only in brain but also in a variety of other tissues. 
Disease-related cell death, however, predominates only 
in cerebral cortex, and in some disease forms, in the 
cerebellum and retina. Other brain regions and tissues 
show no significant cell loss. Interestingly, the changes 
in neurons described earlier for other types of storage 
diseases, ectopic dendritogenesis and axonal spheroid 
formation, are absent in Batten disease. As shown earli- 
er (Figure 5) some pyramidal neurons do exhibit mega- 



188 



S. Walkley: Cellular Pathology of Lysosomal Storage Disorders 



neurites but these lack evidence of dendritic features and 
GM2 ganglioside is not a component of the storage 
process. Likewise, GABAergic synaptic terminals iden- 
tified by immunocytochemical techniques may be 
diminished in number in some brain regions like cere- 
bral cortex or cerebellum, but GAD-positive axonal 
spheroids are not observed (39, 84). 

Selective neuronal vulnerability is a common charac- 
teristic of most neurodegenerative diseases and, as 
described above, the NCL disorders are no exception. 
One recently hypothesized mechanism to account for 
this phenomenon in Huntington disease and related dis- 
orders is chronic glutamate excitotoxicity (2). 
According to this view, the neurotransmitter glutamate 
is deleterious to specitlc neurons either because it is 
overabundant or because specific neurons have become 
vulnerable to its effects due to receptor changes or meta- 
bolic defects within the cell (45). This latter view, the 
so-called "weakened target cell" model, is based on 
impaired energy production within neurons possessing 
glutamate receptors (31). Thus, suboptimal mitochondr- 
ial function in neurons receiving abundant excitatory 
glutamatergic input would be anticipated to lead to 
excessive calcium influx, free radical formation, and 
cell death. A variety of studies of NCL diseases also 
suggest mitochondrial abnormalities and free radical 
damage (54). There is also evidence that subunit c of 
mitochondrial ATP synthase undergoes abnormal traf- 
ficking in NCL cells (11, 12). Animal model studies 
have supplied evidence for compromise of select 
inhibitory (GABAergic) circuits in cerebral cortex and 
cerebellum, and loss of inhibitory inputs likely would 
exacerbate excitotoxic mechanisms (39, 84). 

Evidence supporting the hypothesis of chronic exci- 
totoxicity can be found in the pattern of neuron loss in 
both the cerebral cortex and cerebellum in canine Batten 
disease. Changes in specific cerebral cortical layers have 
been evaluated during disease progression using 
cytochrome oxidase histochemistry, anti-GFAP and 
anti-SMI32 antibodies (for astroglial and cortical pyra- 
midal cell labelling, respectively). It has been found that 
an early and consistent feature of cortical atrophy is 
reduced cytochrome oxidase activity, a marked astrocyt- 
ic response, and neuron loss, all of which are centered 
specifically in midlcvel cortex between pyramidal cell 
layers III and V (Figure 14). The affected layer (IV) in 
normal brain represents the major receiving zone in 
cerebral cortex for excitatory thalamocortical inputs. 
This cortical layer normally demonstrates the highest 
endogenous cytochrome oxidase staining indicative of a 
normal, high sustained metabolic activity (94). That cell 




Figure 15. Studies using swainsonine-induced a-mannosidosis 
reveal that disease-related changes in tissues are not readily 
reversible post-metabolic correction. A. Ectopic dendrites on a 
Golgi-impregnated cortical pyramdal neuron 2 years after with- 
drawal of enzyme inhibitor. B.-C. Nissl stain of cerebellar cortex 
revealing loss of Purkinje cells (B), and persistence of axonal 
spheroids (C), 4 years post-treatment. Calibration bars equal for 
A, 10 jim; C (and B) 50 ^m. 

death and gliosis predominate here in the canine NCL 
cortex is consistent with intrinsic metabolic demand 
(and therefore mitochondrial function) being an impor- 
tant player in the process of cell death. Additionally, a 
subpopulation of scattered GABAergic neurons in NCL 
cortex exhibit massively enlarge mitochondria, sugges- 
tive of a direct compromise in these mitochondria or 
secondarily-induced physiological reaction unique to 
this type of neuron (39, 84). 

Similar events also have been reported in the cere- 
bellum in the canine Batten disease model (39). 
Significant loss of basket cells and basket cell terminals 
which supply inhibitory inputs to Purkinje cells appears 
to occur before Purkinje cell loss and cerebellar atrophy. 
The basket cell population also displays evidence of 
unique metabolic stress like that of cortical inhibitory 
neurons: massively enlarged and abnormal-appearing 
mitochondria. Other neurons exhibit reduced 
cytochrome oxidase activity. 

Reversibility of neuronal changes. An issue of 
major importance in terms of treating lysosomal storage 
diseases is that of the potential for reversibility of the 
cellular pathology characterizing these diseases. In the 
very early days of the lysosomal disease concept de 
Duve predicted that correction of these diseases might 
follow uneventfully if diseased cells had the opportuni- 
ty and ability to internalize the missing enzyme (10). 
This is due to the observation that endosomal trafficking 
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should target the enzyme to the exact organelle, the 
lysosome. in which it was needed. Numerous studies 
now demonstrate this capability and a few lysosomal 
diseases, notably those without CNS involvement, have 
been effectively treated. Even the neuronal storage dis- 
ease, a-mannosidosis, has been corrected following 
bone marrow transplantation (89). In this case it is 
believed that donor bone marrow-derived microglial 
cells in brain secrete a-mannosidase which is internal- 
ized by neurons with correction of the storage disease. 

An issue not addressed in the studies on treatment of 
genetic studies carried out to date concerns evaluation of 
the reversibility of cellular changes in brain, most 
notably ectopic dendritogenesis and axonal spheroid 
formation. To get at this question an inducible model of 
neuronal storage has been used, namely that of swainso- 
nine-induced (and reversible) a-mannosidosis (86). 
Swainsonine is an indolizidine alkaloid derived from 
locoweed and some other plants. It is a reversible 
inhibitor of a-mannosiclase and if ingested chronically 
over a 2-4 month period induces a phenotypic replica of 
genetic a-mannosidosis. Using this model it has been 
learned that vacuolated lysosomes disappear rapidly 
(within days) of enzyme replacement (i.e, cessation of 
administration of the enzyme inhibitor) and neuron 
swelling and mcganeurite formation likewise disappear 
(92). However, ectopic dendrites and axonal spheroids 
proved otherwise. Although the incidence of ectopic 
dendrites was less in animals evaluated months and 
years after disease correction, some neuritic processes 
persisted, and indeed appeared to elongate with time in 
the absence of the disease process (Figure 15). This sug- 
gests that once formed, ectopic dendrites may be treated 
as constituent parts of the neuron as a whole. What 
makes some ectopic dendrites remain and others disap- 
pear is not clear, but stabilization by established synaps- 
es is one possibility (78). Likewise, whether such 
ectopic dendrites ami their synaptic input contributes to 
cortical dysfunction in otherwise metabolically correct- 
ed brain remains to be determined. 

Axonal spheroids were also found to persist in the 
swainsonine disease model even years after disease 
reversal, suggesting that once formed, these structures 
are not easily eliminated by the neurons even in the face 
of a normalized pcrikaryal lysosomal system. Purkinje 
cell death also appeared to continue after withdrawal of 
the toxin (Figure 15), possibly due to prolonged delete- 
rious effects of spheroids on these cells, as discussed 
earlier. In this case the correlation between brain dys- 
function and persisting cellular alterations is more 



apparent. Animals in which storage disease had been 
induced with swainsonine routinely continued to exhib- 
it cerebellar dysfunction long after complete disappear- 
ance of storage from neurons. 

Summary 

Our knowledge of the genetic and molecular bases of 
lysosomal storage diseases has expanded dramatically 
in recent years but a similar indepth understanding of 
pathogenic mechanisms underlying these diseases has 
not been achieved. The pathogenic cascade of storage 
diseases can be exceedingly complex and involve not 
only secondary lysosomal storage but also a host of 
nonlysosomal events that may impact the cell in diverse 
ways. As a consequence, storage diseases are far more 
complex than their simple origins as single enzyme defi- 
ciencies might suggest. As recently argued by Kunihiko 
Suzuki, one of the pioneers in the study of biochemical 
and molecular bases of lysosomal diseases (68), the 
future of studies on storage diseases, to a very large 
degree, lies in the understanding of their biology. The, 
rewards of these studies will be not only a better grasp 
on the full range of treatment strategies for these disor- 
ders, but too, greater insight into the workings of normal 
neurons and other cells through study of their kind in the 
absence of a single enzyme. Garrod's reflection (14) on 
William Harvey's original view of the study of "rarer 
forms of disease" is as apt today as three centuries ago. 
That is, by understanding the details of the pathogenic 
mechanisms of these diseases, we will learn much about 
the working of normal cells. 
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